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ABSTRACT
We explore the physics of relativistic radiation mediated shocks (RRMSs) in the regimewhere
photon advection dominates over photon generation. For this purpose, a novel iterative method
for deriving a self-consistent steady-state structure of RRMS is developed, based on a Monte-
Carlo code that solves the transfer of photons subject to Compton scattering and pair pro-
duction/annihilation. Systematic study is performed by imposing various upstream conditions
which are characterized by the following three parameters: the photon-to-baryon inertia ratio
ξu∗, the photon-to-baryon number ratio n˜, and the shock Lorentz factor γu. We find that the
properties of RRMSs vary considerably with these parameters. In particular, while a smooth
decline in the velocity, accompanied by a gradual temperature increase is seen for ξu∗ ≫ 1,
an efficient bulk Comptonization, that leads to a heating precursor, is found for ξu∗ . 1. As
a consequence, although particle acceleration is highly inefficient in these shocks, a broad
non-thermal spectrum is produced in the latter case. The generation of high energy photons
through bulk Comptonization leads, in certain cases, to a copious production of pairs that
provide the dominant opacity for Compton scattering. We also find that for certain upstream
conditions a weak subshock appears within the flow. For a choice of parameters suitable to
gamma-ray bursts, the radiation spectrum within the shock is found to be compatible with that
of the prompt emission, suggesting that subphotospheric shocks may give rise to the observed
non-thermal features despite the absence of accelerated particles.
Key words: gamma-ray burst: general — shock waves — plasmas — radiation mechanisms:
non-thermal— radiative transfer — scattering
1 INTRODUCTION
Shocks are ubiquitous in high-energy astrophysics. They are be-
lieved to be the sources of non-thermal photons, cosmic-rays and
neutrinos observed in extreme astrophysical objects. Two distinct
types of astrophysical shocks have been identified: ”collisionless”
shocks, in which dissipation is mediated by collective plasma pro-
cess, and ”radiation mediated shocks” (RMS), in which dissipation
is governed by Compton scattering and under certain conditions
also by pair production. A collisionless shock usually forms in a
dilute, optically thin plasma, where binary collisions and radiation
drag are negligible, its characteristic width is of the order of the
plasma skin depth, and it is capable of accelerating particles to non-
thermal energies in cases where the magnetization of the upstream
flow is not too high. A RMS, on the other hand, forms when a
fast shock propagates in an optically thick plasma, its width is of
the order of the Thomson scattering length, and it cannot acceler-
ate particles to non-thermal energies by virtue of its large width,
that exceeds any kinetic scale by many orders of magnitudes (see
further discussions below regarding this point). It is worth noting
that while the microphysics of collisionless shocks is poorly un-
derstood, and any progress in our understanding of these systems
relies heavily on sophisticated plasma (PIC) simulations, the micro-
physics of RMS is fully understood, which considerably alleviates
the problem.
RMS play a key role in a variety of astrophysical systems, in-
cluding shock breakout in supernovae (SNe) and low-luminosity
GRBs (e.g., Colgate 1974; Klein & Chevalier 1978; Weaver
1976; Chevalier 1992; Rabinak & Waxman 2011; Nakar & Sari
2010, 2012; Sapir et al. 2011; Svirski & Nakar 2014a,b, for a
recent review see Waxman & Katz 2016), choked GRB jets
(Me´sza´ros & Waxman 2001; Nakar 2015, see Nakar 2015 and
Senno et al. 2016 for the implications for neutrino production),
sub-photospheric shocks in GRBs (Levinson & Bromberg 2008;
Bromberg et al. 2011; Levinson 2012; Keren & Levinson 2014;
Ahlgren et al. 2015; Beloborodov 2017; Lundman et al. 2017), and
accretion flows into black holes. The environments in which the
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shocks propagate and their velocity vary significantly between the
various systems. For instance, shocks that are generated by vari-
ous types of stellar explosions propagate in an unmagnetized, pho-
ton poor medium, and their velocity prior to breakout ranges from
sub-relativistic to ultra-relativistic, depending on the type of the
progenitor and the explosion energy (Nakar & Sari 2012). Sub-
photospheric internal shocks in GRBs, on the other hand, propagate
in a photon rich plasma, conceivably with a non-negligible magne-
tization, at mildly relativistic speeds. Consequently, the structure
and observational properties of RMS are expected to vary between
the different types of sources.
Early work on RMS (Pai 1966; Zel’dovich & Raizer 1967;
Weaver 1976; Blandford & Payne 1981a,b; Lyubarskij & Sunyaev
1982; Riffert 1988) was restricted the Newtonian regime, where the
diffusion approximation holds. Unfortunately, the limited range of
shock velocities that can be analyzed by employing the diffusion
approximation renders its applicability to most high-energy tran-
sients of little relevance. In the last decade there has been a growing
interest in extending the analysis to the relativistic regime, in an at-
tempt to identify observational diagnostics of these shocks, and in
particular the early signal expected from shock breakout in various
cosmic explosions, and the contribution of sub-photospheric shocks
to prompt GRB emission. An elaborated account of the astrophys-
ical motivation is given in Section 2.
There are vast differences between relativistic and non-
relativistic RMS, as described in Levinson & Bromberg (2008) and
Budnik et al. (2010). In brief, in non-relativistic RMS the shock
thickness is much larger than the photon mean free path and the
energy gain in a single collision is small. As a consequence, the
diffusion approximation holds, which considerably simplifies the
analysis. In contrast, in relativistic and mildly-relativistic RMS the
shock thickness is a few Thomson depths, the change in photon
momentum in a single collision is large, the optical depth is highly
anisotropic, owing to relativistic effects, and pair production is im-
portant, even dominant in RRMS with cold upstream. Thus, the
analysis of RRMS is far more challenging and requires different
methods. Monte-Carlo simulations is an optimal method for com-
putations of steady and slowly evolving shocks. The advantage of
this method is its flexibility, that allows a systematic investigation
of a large region of the parameter space relevant to a variety of
systems.
In this paper we present results of Monte-Carlo simulations
of infinite planar RMS propagating in an unmagnetized plasma, in
the regime where advection of photons by the upstream flow dom-
inates over photon production inside and just downstream of the
shock transition layer (photon rich shocks). The regime of photon
starved shocks will be presented in a follow up paper. In Section
2 we give an overview of the astrophysical motivation. In Section
3 we derive some basic properties of a RRMS and compute ana-
lytically its structure. In Section 4 we describe the code and the
method of solutions. The results are presented in Section 5, and the
applications to GRBs in Section 6. We conclude in Section 7.
2 ASTROPHYSICALMOTIVATION
This section briefly summarizes the astrophysical motivation for
considering RMS. We focus on shock breakout in stellar explosion,
including chocked GRB jets, and photospheric GRB emission.
2.1 Shocks generated by stellar explosions
The first light that signals the death of a massive star is emitted
upon emergence of the shock wave generated by the explosion at
the surface of the star. Prior to its breakout the shock propagates in
the dense stellar envelope, and is mediated by the radiation trapped
inside it. The observational signature of the breakout event depends
on the shock velocity and the environmental conditions, thus, detec-
tion of the breakout signal and the subsequent emission can provide
a wealth of information on the progenitor (e.g., mass, radius, mass
loss prior to explosion, etc.) and on the explosion mechanism. Re-
cent observational progress has already led to the discovery of a few
shock breakout candidates, notably SN 2008D, and next generation
transient surveys promise to detect many more. In order to extract
this information the structure of the RMS must be computed.
A shock that traverses the stellar envelope during a SN explo-
sion accelerates as it propagates down the declining density gra-
dient near the stellar edge, and while the bulk of the material is
always non-relativistic in SNe, the accelerating shock can bring, in
some cases, a small fraction of the mass to mildly and even ultra-
relativistic velocities. For a typical spherical explosion with an en-
ergy of ∼ 1051 erg this happens in compact stars with R∗ . R⊙,
while for larger energies, and/or strongly collimated explosions,
relativistic shocks are generated also in more extended progenitors
(Tan, Matzner & McKee 2001; Nakar & Sari 2012; Nakar 2015).
Budnik et al. (2010) obtained solutions of infinite planar RMS
in the ultra-relativistic limit, under conditions anticipated in SN
shock breakouts. These solutions are valid within the star where the
shock width is much smaller than the scale over which the density
vary significantly. Nakar & Sari (2012) employed those solutions to
show that a relativistic shock breakout from a stellar surface gives
rise to a flash of gamma-rays with very distinctive properties. Their
analysis is applicable to progenitors in which the breakout is sud-
den, as in cases where transition to a collisionless shock occurs
near the stellar surface, but not to the gradual breakouts anticipated
in situations wherein the progenitor is surrounded by a stellar wind
thick enough to sustain the RMS after it emerges from the surface
of the star. In the latter case, the gradual evolution of the shock
during the breakout phase can significantly alter the breakout sig-
nal. This case is of special interest since Wolf-Rayet stars, which
are thought to be the progenitors of long GRBs, and are also com-
pact enough to have relativistic shock breakout in extremely ener-
getic SNe (such as SN 2002ap), are known to drive strong stellar
winds. Shock breakout from a stellar wind has been studied in the
non-relativistic regime (Svirski & Nakar 2014a,b). Analytic solu-
tions for the structure of ultra-relativistic RMS with gradual photon
leakage have also been found recently (Granot, Nakar, & Levinson
2017). We plan to carry out a comprehensive analysis of such
shocks is the near future.
2.2 Implications for high-energy neutrino production in
GRBs
It has been proposed that the interaction of photons with pro-
tons accelerated to high energy in shocks during jet propagation
through the stellar envelop may produce, for both GRB jets and
slower jets that may be present in a larger fraction of core collapse
SNe, bursts of ∼ 1 TeV neutrinos (e.g., Me´sza´ros & Waxman 2001;
Razzaque, Me´sza´ros, & Waxman 2003). However, in early mod-
els the fact that internal and collimation shocks that are produced
below the photosphere are mediated by radiation has been over-
looked. As explained below, in such shocks particle acceleration is
MNRAS 000, 000–000 (0000)
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extremely inefficient. This has dramatic implications for neutrino
production in GRBs (Levinson & Bromberg 2008; Murase & Ioka
2013; Globus et al. 2015). This problem can be avoided in ultra-
long GRBs (Murase & Ioka 2013) and in low-luminosity GRBs
(Nakar 2015; Senno, Murase, & Me´sza´ros 2016), if indeed pro-
duced by choked GRB jets, as in the unified picture proposed
by Nakar (2015). In the latter scenario, the progenitor star is en-
sheathed by an extended envelope that prevents jet breakout. If the
jet is chocked well above the photosphere, then internal shocks
produced inside the jet are expected to be collisionless. The pho-
ton density at the shock formation site may still be high enough
to contribute the photo-pion opacity required for production of a
detectable neutrino flux.
Substantial magnetization of the flow may alter the above
picture, because in this case formation of a strong collisionless
subshock within the RMS occurs (Beloborodov 2017). Whether
particle acceleration is possible in mildly relativistic internal
shocks with at relatively high magnetization is unclear at present
(Sironi et al. 2013), but if it does then the problem of neutrino pro-
duction in GRBs should be reconsidered.
2.3 Sub-photospheric shocks in GRBs
The composition and dissipation mechanisms of GRB jets are yet
unresolved issues. The conventional wisdom has been that those
jets are powered by magnetic extraction of the rotational energy of a
neutron star or an accreting black hole, and that the energy thereby
extracted is transported outward in the form of Poynting flux, which
on large enough scales is converted to kinetic energy flux. An
important question concerning the prompt emission mechanism
is whether the conversion of magnetic-to-kinetic energy occurs
above or well below the photosphere (e.g., McKinney & Uzdensky
2012; Levinson & Begelman 2013; Bromberg et al. 2014). Dissi-
pation well below the photosphere is naturally expected in case of
a quasi-striped magnetic field configuration (Drenkhahn & Spruit
2002; Levinson & Globus 2016). Rapid dissipation of an or-
dered magnetic field may ensue in a dense focusing nozzle via
the growth of internal kink modes, as demonstrated recently by
state-of-the-art numerical simulations (Bromberg & Tchekhovskoy
2016; Singh, Mizuno, & de Gouveia Dal Pino 2016). In such cir-
cumstances, the GRB outflow is expected to be weakly magnetized
when approaching the photosphere.
If this is indeed the case, then further dissipation,
that produces the observed prompt emission, most likely in-
volves internal and recollimation shocks in the weakly mag-
netized flow. Substantial dissipation is anticipated just be-
low the photosphere for typical parameters (Bromberg et al.
2011; Lazzati et al. 2009; Morsony et al. 2010; Ito et al. 2015;
Beloborodov 2017; Lundman et al. 2017). Various (circumstantial)
indications of photospheric emission support this view. These in-
clude: (i) detection of a prominent thermal component in sev-
eral bursts, e.g., GRB090902B (Abdo et al. 2009; Ryde et al.
2010), and claimed evidence for thermal emission in many oth-
ers (Pe’er, Me´sza´ros, & Rees 2006; Ryde & Pe’er 2009); (ii) a hard
spectrum below the peak that cannot be accounted for by optically
thin synchrotron emission; (iii) evidence (though controversial) for
clustering of the peak energy around 1 MeV, that is most naturally
explained by photospheric emission; In addition, an attractive fea-
ture of sub-photospheric dissipation models is that they can lead to
the high radiative efficiency inferred from observations.
A large body of work on photospheric emission does not ad-
dress the nature of the dissipation mechanism and the issue of en-
tropy generation. Earlier work (e.g., Pe’er, Me´sza´ros, & Rees 2006;
Beloborodov 2013; Vurm et al. 2013) attempted to compute the
evolution of the photon density below the photosphere, assuming
dissipation by some unspecified mechanism. They generally find
significant broadening of the seed spectrum if dissipation com-
mences in sufficiently opaque regions and proceeds through the
photosphere. Keren & Levinson (2014) have reached a similar con-
clusion, demonstrating that multiple RMS can naturally generate
a Band-like spectrum. More recent work (Ito et al. 2015; Lazzati
2016; Parsotan & Lazzati 2017) combines hydrodynamics (HD)
and Monte-Carlo codes to compute the emitted spectrum. In this
technique, the output of the HD simulations is used as input for the
Monte-Carlo radiative transfer calculations. These calculations il-
lustrate that a Plank distribution, injected at a large optical depth,
evolves into a Band-like spectrum owing to bulk Compton scatter-
ing on layers with sharp velocity shears, mainly associated with
reconfinement shocks. However, one must be cautious in applying
those results, since the emitted spectrum is sensitive to the width
of the boundary shear layers (Ito et al. 2013), which is unresolved
in those simulations. Furthermore, the radiative feedback on the
shear layer is ignored. Ultimately, the structure of those radiation
mediated reconfinement shocks needs to be resolved to check the
validity of the results.
The Monte-Carlo simulations described in Section 5 en-
able detailed calculations of the spectrum produced in a sub-
photospheric GRB shock prior to its breakout. The implications for
prompt GRB emission are discussed in Section 6.
3 GENERAL CONSIDERATIONS AND SUMMARY OF
PREVIOUS WORK
Consider an infinite planar shock propagating in an unmagnetized
plasma at a velocity βu (henceforth measured in units of the speed
of light c). In the frame of the shock, the jump conditions read:
nuγuβu = ndγdβd , (1)
wuγ
2
uβ
2
u + pu = wdγ
2
dβ
2
d + pd , (2)
wuγ
2
uβu = wdγ
2
dβd, (3)
where n denotes the baryon density, w the specific enthalpy, β the
fluid velocity with respect to the shock frame, and γ = (1 − β2)−1/2
the Lorentz factor. The subscripts u and d refer to the upstream and
downstream values of the fluid parameters, respectively. Radiation
dominance is established in the downstream plasma when the shock
velocity satisfies
βu > 4 × 10−5nu15, (4)
where nu15 = nu/10
15 cm−3. At velocities well in excess of
this value the shock becomes radiation mediated (Weaver 1976;
Budnik et al. 2010). This readily implies that under conditions an-
ticipated in essentially all compact astrophysical systems, relativis-
tic and mildly relativistic shocks that form in opaque regions are
mediated by radiation.
It is insightful to compare different scales that govern micro-
physical interactions. The width of the RMS transition layer is typ-
ically on the order of the photon diffusion length,
l′s ∼ (nuσTβu)−1 ≃ 109(βunu15)−1 cm, (5)
here measured in the shock frame. As shown below, it can be sub-
stantially smaller when pair production is important, but by no
more than three orders of magnitudes. The skin depth is
δ ∼ c/ωp ≃ 1 n−1/215 cm, (6)
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where ωp is the plasma frequency, and the gyroradius of relativistic
protons of energy ǫp is,
rL ∼ 3
(
ǫp
mpc2
) (
B
106 G
)−1
cm. (7)
Evidently, under typical conditions kinetic processes are expected
to play no role in RMS, with the exception of subshocks that form
within the shock transition layer in certain cases (see below). In
particular, the extremely small ratio, rL/l
′
s ∼ 10−8, implies that par-
ticle acceleration is unlikely in RMS. Kinetic processes become
important, of course, during the transition phase from RMS to col-
lisionless shocks.
The properties of the downstream flow of RMS depend on the
parameters of the upstream flow, and in particular its velocity, mag-
netization, specific entropy and optical depth. The following dis-
cussion elucidates the effect of each of these parameters.
3.1 Photon sources
The main sources of photons inside and just downstream of the
shock transition layer are photon advection by the upstream flow,
and photon generation by Bremsstrahlung and double Compton
emission. Each process dominates in a different regime. In what
follows ”photon rich” shocks refer to RMS in which photon gener-
ation is negligible and ”photon starved” shocks to RMS in which
photon advection is negligible. The advected radiation field is
henceforth characterized by two parameters: the photon-to-baryon
density ratio far upstream, n˜ = nγu/nu, and the fraction ξγ of the
total energy which is carried by radiation in the unshocked flow.
Under the conditions anticipated in RRMS the thermal energy of
the upstream plasma is negligible, so that to a good approximation
one has
ξγ =
γu eγu
(γu − 1)mpc2nu + γu eγu
, (8)
where eγ = 3pγ denotes the energy density of the radiation field.
The specific photon generation rate by thermal
Bremsstrahlung emission can be expressed as
n˙ f f =
23/2α fσTcn
2
i√
3πΘ1/2
{(1 + 2x+)Λep (9)
+ [x2+ + (1 + x+)
2]Λee + x+(1 + x+)Λ+−},
here ni is the ion density, x+ = n+/ni is the pair multiplicity, specif-
ically the number of positrons per ion, Θ = kT/mec
2 denotes the
plasma temperature in units of the electron mass, and α f is the
fine structure constant. The total number of electrons is dictated
by charge neutrality, ne = (1 + x+)ni. The terms labeled ep and
+− account for the contributions of e±p and e+e+ encounters, re-
spectively, and the term ee for the contribution of e−e− and e+e+
encounters. The quantities Λep, Λee and Λ+− are functions of the
temperature Θ, and are given explicitly in Skibo et al. (1995).
The rate of double Compton (DC) emission is
n˙DC =
16
π
α fσTcnenγΘ
2ΛDC , (10)
with ΛDC given in Bromberg et al. (2011).As the ratio of the two
rates is n˙DC/n˙ f f ∼ (nγ/ne)Θ5/2, it is readily seen that DC emission is
only important in regions where the photon density largely exceeds
the total lepton density nγ & ne Θ
−5/2. Such conditions prevail in
the near downstream of sufficiently photon rich shocks (Levinson
2012).In photon starved shocks, where nγ ≃ ne and Θ ≃ 0.2, DC
emission is negligible. As shown in Section 5, this is also true for
Figure 1. Velocity, βd , and normalized radiation energy density,
eγd/(2mpc
2nuγ
2
uβ
2
u), of the downstream flow as functions of the upstream
Lorentz factor γu.
photon rich shocks with small enough n˜, in which the density of
pairs produced by nonthermal photons becomes substantial, x+ ≫
1.
We now give a crude estimate of the advected photon density
above which the shock is expected to be photon rich and below
which it is photon starved (see also Bromberg et al. 2011). We note
first that photons which are produced downstream can diffuse back
and interact with the upstream flow provided they were generated
roughly within one diffusion length, Ld = (σTnlβd)
−1, from the
shock transition layer, where nl = (1 + 2x+)nd is the total lepton
density in the immediate post shock region. The density of these
photons is δnγ = n˙γLd/cβd . Since for marginally rich shocks pho-
ton generation is dominated by Bremsstrahlung, we have to a good
approximation
δnγ
nγd
≃ 2
3/2α f nd√
3πΘ
1/2
d
β2
d
nγd
(11)
×
{
Λep +
[x2+ + (1 + x+)
2]Λee
(1 + 2x+)
+
x+(1 + x+)Λ+−
(1 + 2x+)
}
,
where Equation (10) has been used with ni = nd . Assuming that the
shock is photon rich, we employ Equations (14) and (15) below to
get
δnγ
nγd
≃ 3 × 10
−3
√
n˜γuβu
(12)
×
{
Λep +
[x2+ + (1 + x+)
2]Λee
(1 + 2x+)
+
x+(1 + x+)Λ+−
(1 + 2x+)
}
.
Typically, the terms Λ12 lie in the range 10 < Λ12 < 20, and since
n˜ > 103 for photon rich shocks (see Equation (16) below) it is
evident that photon generation is important only when pair loading
is substantial (x+ ≫ 1). Adopting for illustration Λee + Λ+−/2 =
30 we estimate that photon generation will dominate over photon
advection when x+ > 10
√
n˜ γuβu.
3.2 Photon rich regime
As shown in Section 5, in photon rich shocks the density of pairs
produced by nonthermal photons is typically much smaller than the
density of the radiation, and while under certain conditions the pairs
can dominate the opacity inside the shock and affect its structure,
they contribute very little to the total energy budget downstream.
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The specific enthalpy is then well approximated by w = nmpc
2 +
4pγ, where pγ denotes the radiation pressure. Adopting the latter
equation of state, the jump conditions, Equations (1)-(3), can be
solved to yield the parameters of the downstream flow. Solutions
for the downstream velocity, βd, and the specific radiation energy,
eγd = 3pγd, are exhibited in Fig. 1 in the limit ξγ ≪ 1. The radiation
energy in Fig. 1 is normalized to the value obtained in the ultra-
relativistic limit (i.e., for βd = 1/3):
eγd = 2nuγ
2
uβ
2
umpc
2. (13)
As seen, this asymptotic value is a good approximation also at mild
Lorentz factors, and is adopted for illustration in the following dis-
cussion.
The downstream region of a RRMS is inherently non-uniform,
because the thermalization length over which the plasma reaches
full thermodynamic equilibrium is larger than the width of the
shock transition layer. However, for typical astrophysical param-
eters, the thermalization length exceeds the shock width by several
orders of magnitudes (Levinson 2012), so that for any practical pur-
pose photon generation in the downstream plasma can be ignored.
This readily implies that to a good approximation the photon num-
ber is conserved across the shock transition layer, whereby
nγdγdβd = nγuγuβu. (14)
Combining with Equation (1), one finds n˜ = nγu/nu = nγd/nd . The
temperature can be computed using Equations (13) and (14), yield-
ing
Θd =
eγd
3nγd mec2
=
2mp
3me
(γuβu)(γdβd)
n˜
≃ 430 γuβu
n˜
, (15)
where βd = 1/3 was adopted to obtain the numerical factor in the
rightmost term. Thus, Θd ≪ 1 as long as n˜ ≫ 430γuβu.
Next, we estimate the minimum value of n˜ required in order
that counter-streaming photons will be able to decelerate the up-
stream flow. Let η denotes the fraction of downstream photons that
propagate towards the upstream. The average energy each counter-
streaming photon can extract in a single collision is at most γumec
2.
Thus, the number of downstream photons required to decelerate
the upstream flow satisfies γd nγd > η
−1(mp/me)γu nu (assuming
ξγ ≪ 1). By employing Equation (14) we find that the shock can be
mediated by the advected photons provided the photon-to-baryon
number ratio far upstream satisfies
n˜ > n˜crt ≡
mp
me
βd
ηβu
≃ mp
me
, (16)
adopting βd/η = 1, which is roughly the value obtained from the
Monte-Carlo simulations. At the critical number density the aver-
age photon energy, 3kTd ≃ 2ηmec2γuβu, is in excess of the electron
mass. Under this condition a vigorous pair production is expected
to ensue inside and just downstream of the shock, that will signif-
icantly enhance photon generation, thereby regulating the down-
stream temperature.
3.2.1 Analytic shock profile
Let nγ→u denotes the density of photons moving in upstream direc-
tion (i.e., from downstream to the upstream), as measured in the
shock frame, and n, ne, n± the proper densities of baryons, elec-
trons and e± pairs, respectively. We suppose that the flow moves
along the z-axis, chosen such that its positive direction is towards
the upstream. The change in the photon density is governed by the
equation
dnγ→u
dz
= −σKNγ(ne + n±)nγ→u. (17)
For sufficiently photon-rich shocks the scattering of bulk photons
is in the Thomson regime. In terms of the optical depth, dτ∗ =
σT (ne + n±)γdz, and the energy density of the counter streaming
photons, uγ→u =< ǫγ > nγ→u, one then has
duγ→u
dτ∗
= −uγ→u. (18)
The total inverse Compton power emitted by a single electron
(positron) inside the shock is approximately
PComp = κγcσT (γβ)
2 uγ→u, (19)
where the pre-factor κγ ranges from 4/3 for isotropic radiation to 4
for completely beamed radiation. For simplicity, we shall assume
that it is constant throughout the shock.
Neglecting the internal energy relative to baryon rest mass en-
ergy, the energy flux of the plasma can be expressed as
T 0z
b
= mpc
2nγ2 = Jγ, (20)
in terms of the conserved mass flux,
J = mpc
2 nγ. (21)
Using Equation (19) we obtain
d T 0x
b
dz
= γ(ne + n±)c
−1Pcomp (22)
= κγσT γ(ne + n±)(γ
2 − 1)uγ→u,
or
J
d γ
dτ∗
= κγ(γ
2 − 1)uγ→u. (23)
The boundary condition is γ(τ∗ → ∞) = γu. Denoting α =
κγuγ→u(τ∗ = 0)/J, and
η(τ∗) = ln
(
γu + 1
γu − 1
)
+ 2α e−τ∗ (24)
the solution of Equations (18) and (23) reads:
γ(τ∗) =
eη + 1
eη − 1 . (25)
From the jump conditions we have α = 2κγǫγu, where ǫ = uγ→u/uγd
is roughly the fraction of downstream photons that propagate back-
wards. The black solid line in Fig. 2 shows the shock profile ob-
tained for κγǫ = 0.2. The red line is the result of the full simulation.
3.3 Photon starved regime
At n˜ < n˜crt photon advection is negligible, and the prime source
of photons inside and downstream of the shock transition layer is
free-free emission. For sufficiently fast shocks, βu > 0.6, a pair pro-
duction equilibrium is established downstream, keeping the tem-
perature at Θd . mec
2/3 (Katz et al. 2010). In relativistic shocks,
γu ≫ 1, the downstream photon density is obtained from Equation
(13) and the relation eγd ≃ mec2nγd’:
nγd ≃ 2
mp
me
nu γ
2
u. (26)
This, in turn, implies that the transition from photon rich to photon
starved shocks should in fact occur at n˜ ≃ n˜crtγu.
Because the average energy of downstream photons is
MNRAS 000, 000–000 (0000)
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Figure 2. The solid black line delineates the solution given by Equation
(25) with γu = 10 and κγǫ = 0.2. The red line is the shock profile obtained
from the Monte-Carlo simulation.
roughly mec
2, scattering of counter streaming photons off electrons
(positrons) in the shock transition layer is in the Klein-Nishina
regime. As a consequence, the temperature at any position z in-
side the shock is expected to be comparable to the local bulk
energy of the leptons, specifically Θ(z) ≃ γ(z). Indeed, this re-
sult has been verified by detailed simulations (Budnik et al. 2010).
When this relation is adopted it is possible to compute the shock
structure analytically in the limit γu ≫ 1 (Nakar & Sari 2012;
Granot, Nakar, & Levinson 2017). The analysis indicates that the
shock width increases with Lorentz factor according to
l′s ≃ 10−2γ2u (σTnu)−1,
where the numerical coefficient is somewhat arbitrary
(Nakar & Sari 2012). This scaling stems from Klein-Nishina
effects, and is different than the scaling obtained for photon rich
shocks. The photon spectrum exhibits (in the shock frame) a peak
at hνpeak ≃ mec2, with a broad (a rough power law) extension up to
energies > γumec
2 (Budnik et al. 2010).
3.4 Effect of magnetic fields
Substantial magnetization of the upstream flow can significantly
alter the shock profile and emission. A prominent feature of
such shocks is the formation of a relatively strong subshock
(Beloborodov 2017). The results exhibited in Section 5 indicate that
subshocks form also in unmagnetized shocks under certain condi-
tions (see Figs. 6, 14 and 17), but those are generally weak and have
little effect on the overall shock structure and emission, with the ex-
ception of the breakout transition, where photon leakage becomes
important. In magnetized shocks formation of strong subshocks is
anticipated even in regions of large optical depth, which can con-
siderably alter the energy distribution of particles in the shock if
particle acceleration at the collisionless subshock ensues. The net
amount of energy that can be transferred to the nonthermal par-
ticles depends primarily on the relative strength of the subshock,
and needs to be quantified. The formation of a strong subshock
in RRMS may have profound implications for emission of sub-
photospheric GRB shocks, as well as for neutrino production in
chocked jets, as described above.
3.5 Finite shocks and breakout
The structures computed in Budnik et al. (2010) and in Section 5
are applicable to RRMS propagating in a medium of infinite optical
depth. In cases where the shock propagates in a medium of grad-
ually decreasing optical depth, e.g., stellar wind, it will eventually
reach a point at which the radiation trapped inside it starts escap-
ing to infinity. The leakage of radiation leads to a steepening of the
shock, at least in photon starved RRMS. Nonetheless, the shock re-
mains radiation mediated also at radii at which the optical thickness
of the medium ahead of the shock is much smaller than unity, owing
to self-generation of its opacity through accelerated pair creation.
Breakout occurs when the Thomson thickness of the unshocked
medium becomes smaller than (me/mp)γu, provided γu > 1 , or
else in the Newtonian regime (Granot, Nakar, & Levinson 2017).
How this affects the emitted spectrum is yet to be explored.
A similar process may take place also during the breakout of
a photon rich shock, since photon escape from the medium ahead
of the shock (i.e., the upstream plasma) is expected to lead to the
gradual decline of n˜ over time. If pair creation and photon genera-
tion occur over a time shorter than the breakout time, then a tran-
sition from photon rich to photon starved shock is expected prior
to breakout, at least in cases where the shock remains relativistic
in the frame of the unshocked medium. Otherwise the shock will
evolve in some complex manner. In any case, the spectrum emitted
during the breakout phase may be altered.
4 MONTE-CARLO SIMULATIONS OF RRMS
4.1 Description of the Monte-Carlo code
The Monte-Carlo code used by us enables computations of mildly
relativistic and fully relativistic radiation mediated shocks in a pla-
nar geometry, for arbitrary upstream conditions. It incorporates an
energy-momentum solver routine that allows adjustments of the
shock profile in each iterative step. A photon source is placed suffi-
ciently far upstream, and is tuned to account for the assumed pho-
ton density advected by the upstream flow. In each run, an initial
shock profile is imposed (usually some parametrized analytic func-
tion that satisfies the shock jump conditions) during some initial
stage at which photons that were injected upstream and crossed
the shock are accumulated downstream. Once the photon density
downstream reaches a level that ensures stability of the system,
the energy-momentum solver is switched on, and the shock pro-
file is allowed to change iteratively, until a steady state is reached
whereby energy and momentum conservation of the entire system
of particles (i.e., photons, baryons and electron-positron pairs) is
satisfied at every grid point. Choosing the initial shock profile such
that it satisfies the jump conditions in the frame of the simulation
box guarantees that the final shock solution is stationary in this
frame (otherwise it propagates across the box accordingly). Since
the jump conditions depend only on the parameters of the upstream
flow, they can be determined a-priori for any given set of upstream
conditions.
The present version of the code includes the following ra-
diation processes: Compton scattering, pair production and anni-
hilation, and energy-momentum exchange with the bulk plasma.
Its applicability is therefore restricted to photon rich shocks. We
are currently in the process of incorporating also internal photon
sources, specifically relativistic Bremsstrahlung and double Comp-
ton scattering, that would allow simulations of shocks for any up-
stream conditions, and in particular photon starved shocks. Mag-
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netic fields can also be included upon a simple modification of the
energy-momentum solver, and is planned for a future work.
In developing the prescription for the iteration in our code,
we mimic the method used in the context of relativistic cosmic ray
modified shocks (Ellison et al. 2013). The difference is that, while
we track photons, they track cosmic rays using Monte-Carlo tech-
nique and evaluate the feedback on the bulk shock profile.
4.2 Numerical setup
In our calculations, the input parameters are the following quan-
tities at the far upstream region: (i) the photon-to-baryon inertia
ratio, ξu∗ ≡ eγu/(numpc2), (ii) the photon-to-baryon number ratio,
n˜ ≡ nγu/nu, and (iii) the bulk Lorentz factor of the upstream flow
with respect to the shock frame, γu. Once these parameters are de-
termined, all the physical quantities at the far upstream region are
specified under the assumption that the radiation and the plasma
(protons and electrons) have identical temperature, Tu. We further
assume that the photons and the plasma constituents in the up-
stream region have Wien and Maxwell distributions, respectively.
For given upstream conditions, we derive the corresponding steady
shock solution using the iterative scheme described in the previous
section.1
In each iterative step, we solve the radiation transfer using
Monte-Carlo method under a given plasma profile, and evaluate
the energy-momentum exchange between the photon and plasma.
We continue the iteration until the deviation of the total energy-
momentum flux at every grid point from that of the steady state
value becomes small. In the calculations presented in this paper,
the errors in the conservation of momentum and energy fluxes after
the iteration are mostly within a few % throughout the entire struc-
ture (< 15 % at most). The total energy and momentum fluxes at
each grid point are evaluated as
Fm = γ
2(ρplc
2 + epl + ppl)β
2 + ppl + Fm,γ , (27)
and
Fe = γ
2(ρplc
2 + epl + ppl)β + Fe,γ , (28)
respectively. Here ρpl = nmp + (n + n±)me, epl = 3/2nkT +
3/2 f (T )(n + n±)kT , ppl = (2n + n±)kT are the rest mass density,
internal energy density and pressure of the plasma, respectively,
where n± is the number density of the created electron-positron
pairs and f (T ) = tanh[(lnΘ+0.3)/1.93]+3/2 is an analytical func-
tion of temperature defined in Budnik et al. (2010), obtained from
a fit to the exact equation of state of pairs at an arbitrary tempera-
ture ( f = 1 for Θ ≪ 1 and f ≈ 2 for Θ ≫ 1). It is assumed that
the protons and pairs have identical local temperature at every grid
point. The last terms in the above equations, Fm,γ and Fe,γ , denote
the momentum and energy fluxes of radiation that are directly com-
puted by summing up the contributions of individual photon pack-
ets tracked in the Monte-Carlo simulation. The steady state values
of momentum, Fm,u , and energy fluxes, Fe,u , are evaluated by sub-
stituting the enthalpy wu = nu(mp + me)c
2 + [(7/2 + 3/2 f (Tu))n +
1 Note that the shock structure can be determined without specifying the
absolute value of the baryon density (or, equivalently, photon number den-
sity) when expressed as a function of optical depth. The obtained solution
is scale-free in which the number densities of photon and pairs are only de-
scribed in terms of the ratio to that of the baryons. The determination of the
baryon number density gives the absolute values of these quantities as well
as the physical spatial scale. This is valid as long as effects such as free-free
absorption that break the scalability are ignored.
4nγu]kTu and pressure pu = (2n + nγ)kTu in the left side terms of
Equations (2) and (3).
At first, the above iteration is performed under the assumption
that a subshock is absent in the system. If it converges to steady
flow, we simply employ the solution and consider that the shock
dissipation is solely due to photon plasma interaction. On the other
hand, when we find that the flow does not reach the steady state un-
der the assumption (error in energy-momentum flux is larger than
∼ 20 %), we introduce a subshock in the system. The subshock is
treated as a discontinuity in the plasma profile which satisfies the
Rankin-Hugoniot conditions under the assumption that bulk plasma
is isolated from the radiation. This setup is justified due to the fact
that, since the plasma scale is much shorter than that of the photon
mean free path, photons cannot feel the continuous change in the
transition layer of shock formed via plasma interactions. Once we
introduce the subshock in the system, we also vary the immediate
upstream velocity in each iterative steps and continue the computa-
tion until it approaches to steady solution.
Regarding the microphysical processes, Compton scattering
is evaluated using the full Klein-Nishina cross section. It is noted
that, in each scattering, bulk motion as well as thermal motion of
the pairs are properly taken into account, under the assumption that
the pairs have a Maxwellian distribution at the local temperature.
The rate of pair production is calculated based on the local pho-
ton distribution using the cross section given in Gould & Schre´der
(1967). The pair annihilation rate is computed as a function of the
local number density and temperature. Here we use the same an-
alytical function employed in Budnik et al. (2010) which is based
on the formula given by Svensson (1982). As for the spectra of
photons generated via the pair annihilation process, we employ an
analytical formula derived in Svensson et al. (1996) which is given
as a function of temperature. The details of the processes incorpo-
rated in our code are summarized in the appendix.
In this study we systematically explore the properties of
RRMS, with a particular focus on the role of the three parame-
ters defined above. We performed 15 model calculations that cover
a wide range of parameters (10−2 6 ξu∗ 6 10, 103 6 n˜ 6 105, and
2 6 γu 6 10). Table 1 summarizes the imposed values for each cal-
culation. The total number of injected photon packets varies among
the models, but is typically in the range Npack ∼ 108 − 109, which is
sufficiently large to avoid significant statistical errors.
5 RESULTS
In this section, we demonstrate how the different parameters affect
the shock properties. Hereafter we refer to the models with γu = 2
and n˜ = 105 as fiducial cases (g2e1n5, g2e0n5, g2e-1n5 and g2e-
2n5), since such conditions are likely to prevail in sub-photospheric
GRB shocks. Note that the cases ξu∗ > 1 and ξu∗ < 1 correspond to
shocks formed below and above the saturation radius, respectively,
in the context of the fireball model.
5.1 Dependence on ξu∗
As for the fiducial models (γu = 2 and n˜ = 10
5), we compute the
cases for ξu∗ = 10, 1, 0.1, and 10−2. The obtained shock structures
are displayed in Fig. 3. The horizontal axis in all plots shows the
angle averaged, pair loaded optical depth for Thomson scattering,
as measured in the shock frame:
τ∗ =
∫
γ(n + n±)σTdz, (29)
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Table 1. Shock Parameters. Column (1) shows the names of the models.
Columns (2), (3) and (4) display, respectively, the bulk Lorentz factor,
photon-to-baryon inertia ratio, and photon-to-baryon number ratio at far up-
stream.
Model γu ξu∗ n˜
(1) (2) (3) (4)
g2e1n5 10
g2e0n5 2 1 105
g2e-1n5 10−1
g2e-2n5 10−2
g2e0n4 1
g2e-1n4 2 10−1 104
g2e-2n4 10−2
g2e-1n3 2 10−1 103
g2e-2n3 10−2
g4e0n5 1
g4e-1n5 4 10−1 105
g4e-2n5 10−2
g10e0n5 1
g10e-1n5 10 10−1 105
g10e-2n5 10−2
where dz denotes the distance element along the flow direction. It
is measured from the subshock, when present, where τ∗ = 0, and
from the location where the bulk velocity has first reached the far
downstream value, β ≃ βd , when the subshock is absent. As a func-
tion of τ∗, the vertical axis shows the 4-velocity, γβ, temperature, T ,
and the pair-to-baryon density ratio, n±/n. Together with the plasma
temperature, we also display the quantity
Tγ,e f f =
I
′
0
3I′
0
(30)
for reference, where I0 and I0 are, respectively, the 0th moments of
the intensity Iν and the photon flux density Iν/hν. Henceforth, quan-
tities with and without the superscript prime are measured in the
comoving frame and shock frame, respectively. The nth moments
of the intensity and photon flux density are defined as follows:
In = 2π
∫ ∫
Iνcos
nθ dνdΩ, (31)
In = 2π
∫ ∫
Iν
hν
cosnθ dνdΩ, (n = 0, 1, 2), (32)
where θ is the angle between the flow velocity and the photon direc-
tion. Note that Tγ,e f f can be regarded as the actual temperature of
the radiation when the distribution is Wien, Iν ∝ ν3exp[hν/(kT )], or
Planck. Henceforth, we refer to Tγ,e f f as the effective radiation tem-
perature. The angle integrated spectral energy distribution (SED),∫
νIνdΩ, computed in the shock frame at a given location, is ex-
hibited in Fig. 4 for each model at different locations. In Fig. 5 we
show a comparison of the 4-velocity profiles of the different fidu-
cial models, together with the comoving 1st and 2nd moments of
the radiation intensity normalized by the 0th moment, I
′
1
/I
′
0
and
I
′
2
/I
′
0
. When the radiation field is isotropic in the comoving frame,
we have I
′
2
/I
′
0
= 1/3 and I
′
1
= 0, while completely beamed radiation
leads to I
′
2
/I
′
0
= 1 and I
′
1
/I
′
0
= −1 or 1.
Although there is some difference between the models, the de-
celeration of the shock occurs over an optical depth τ∗ of a few
in all cases. This stems from the fact that in the relativistic case
the plasma crossing time of the shock is nearly equal to the light
crossing time. The relativistic motion of the plasma is also the sole
reason why inside the shock transition layer the radiation appears
highly anisotropic in the rest frame of the fluid, as seen in Fig.
5. As mentioned in Section 1, this is in marked difference to non-
relativistic shocks in which the diffusion length is much longer, and
the radiation is nearly isotropic. During the deceleration, Compton
scattering also heats up the plasma to higher temperatures. Regard-
ing the radiation spectra, while a Wien distribution at the local tem-
perature is established at the far upstream and downstream regions,
non-thermal distributions originating from bulk Comptonization
are produced near the shock transition layer. Apart from these gen-
eral trends, the details of shock dissipation vary considerably with
ξu∗.
In model g2e1n5, the inertia of the flow at far upstream is
largely dominated by the radiation (ξu∗ = 10). In this case, strong
anisotropy cannot develop within the shock, since a small departure
from isotropy is sufficient to give significant impact on the bulk
flow of the plasma. As a result, the velocity profile is relatively
smooth, reflecting gradual deceleration compared with the cases of
lower ξu∗. As shown in Beloborodov (2017), in the extreme limit
of ξu∗ = ∞, the radiation field must satisfy the force-free condi-
tion I
′
1
= 0. Here (model g2e1n5) the plasma has a finite contribu-
tion to the inertia (∼ 10% of the total), therefore a small but finite
anisotropy is present.
In this model, the temperature of the plasma coincides with the
effective temperature of the radiation, Tγ,e f f , at any position. This
is due to the fact that the photon distribution is close to Wien, so
that Compton equilibrium (see Section C for details) is established
throughout the shock. The spectra of photons do not largely depart
from the Wien distribution because bulk Comptonization, which
mediates the shock, need not be significant. The resulting tempera-
ture shows gradual increase from kT ∼ 30 keV to ∼ 60 keV across
the deceleration zone (see upper left panel of Fig. 3). Although the
change in the temperature is only a factor of ∼ 2 across the shock,
significant increase is found in the pair number density. This is be-
cause the pair production rate by photons in a Wien distribution is a
sensitive function of temperature in this range (kT ∼ 30 − 60 keV),
since only the high energy population around the exponential cutoff
exceeds the threshold energy for pair creation. As a result, the pair
loading, n±/n, increases by three orders of magnitude across the
transition layer. At the far upstream and downstream regions, pair
production and annihilation are in balance and the number density
of pairs can be well approximated by that of Wien equilibrium at
non-relativistic temperatures (see Section B1). From Equation (B4)
(n±/n ∼ n˜Θ−3/2exp(−Θ−1)), we obtain n± ∼ 0.35 (n± ∼ 6.2 × 102)
for a far upstream (downstream) temperature of kT ∼ 30 keV
(∼ 60keV). Indeed, this is in good agreement with our simulation.
As the value of ξu∗ decreases, the velocity gradient, dγβ/dτ∗,
steepens. This is mainly due to the fact that for a given density
ratio n˜, the average energy of photons decreases with decreasing
ξu∗, since the upstream temperature satisfies Tu ∝ ξu∗. As a result,
Klein-Nishina effects are diminished, and the average mean free
path of photons is reduced, ultimately approaching the Thomson
limit. A steeper velocity gradient is also required for lower values
of ξu∗ in order to increase the efficiency at which the bulk kinetic en-
ergy is extracted by bulk Comptonization. As shown in Fig. 4, when
the photon-to-baryon inertia ratio is reduced to the value ξu∗ = 10−2
(model g2e-2n5), a smooth velocity profile is no longer sufficient
to achieve energy-momentum conservation to the required accu-
racy at every grid point, and our calculations imply the formation
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Figure 3. The overall shock structure for models g2e1n5 (top left), g2e0n5 (top right), g2e-1n5 (bottom left) and g2e-2n5 (bottom right). In each panel, from
top to bottom, we display the 4-velocity γβ, the plasma temperature T , the effective radiation temperature Tγ,eff , and the pair -to- baryon density ratio n±/n, as
a function of optical depth τ∗. Note the difference in the scaling of the horizontal and vertical axes in the different models.
of a subshock in the system. It is noted, however, that the subshock
is quite weak, in the sense that it carries only a small fraction (a
few percents at most) of the entire shock energy, and so do not play
an important role in the dissipation process. Therefore, its impact
on the radiation properties is also negligible. Therefore, in what fol-
lows we mainly focus on the global properties of the shock, that are
not affected by the subshock. The details of the subshock structure
will be given later on, in Section 5.1.1.
The bulk Comptonization in the deceleration zone becomes
significant as ξu∗ decreases, and results in the emergence of a non-
thermal spectrum. As shown in Fig. 4, the spectral slope is harder
for smaller values of ξu∗. Concomitant with the hardening of the
spectrum, the departure from isotropy (as seen in the comoving
frame) that develops inside the shock becomes more prominent
(bottom panel of Fig. 5).
The maximum energy attainable through bulk Comptonization
is limited by the kinetic energy of the electrons/positrons to about
(γu − 1)mec2 ∼ 500 keV. When the pair content is small, this cor-
responds roughly to the cutoff energy of the non-thermal photons
at high energies (e.g., models g2e0n5 and g2e-1n5). On the other
hand, when gamma ray production via pair annihilation is impor-
tant, the conversion of rest mass energy leads to a moderate increase
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Figure 4. Shock-frame, local angle integrated SEDs,
∫
νIν(τ∗)dΩ, for models g2e1n5 (top left), g2e0n5 (top right), g2e-1n5 (bottom left) and g2e-2n5 (bottom
right). The red and black lines show, respectively, the spectra near the upstream and downstream boundaries of the simulation domain. The value of τ∗ at the
boundaries vary among the different models. The green, blue, magenta, cyan and gray lines display spectra which were computed at locations τ∗ = −2, −1, 0,
1.5 and 2.5 around the shock transition layer, as indicated. The scale on the vertical axis is given in arbitrary units. The absolute value can be specified once
the number density of either baryons or photons at far upstream (nu or nγ,u) is specified. Note that the range of the horizontal axis is identical in all cases.
in the cutoff energy, roughly to γumec
2 ∼ 1 MeV (e.g., model g2e-
2n5). Also note that, although the temperature is non-relativistic,
thermal motions slightly shift the energy to higher values and pro-
duce a broadening of the spectrum at the highest energies (Fig. 4).
Since Compton equilibrium is achieved throughout the shock
(except for the immediate post subshock region), as explained in
Section C, and higher energy photons can exchange their energy
more efficiently via scattering, the presence of non-thermal photons
will result in an abrupt heating of the plasma up to a temperature
well in excess of Tγ,e f f . Therefore, while no departure is found for
model g2e1n5 (T ∼ Tγ,e f f ), the deviation of the plasma temperature
from Tγ,e f f becomes more substantial as ξu∗ decreases (see Fig. 3).
This implies the presence of a prominent plasma heating precursor
at the onset of the shock transition layer for relatively low values of
ξu∗.
The pair density profile also changes significantly with ξu∗.
While there is a significant amount of pairs in model g2e1n5, they
are negligible in models g2e0n5 and g2e-1n5 (n±/n ≪ 10−10). This
is a direct consequence of the lower peak energy (approximately
3kTγ,e f f ), that gives rise to an exponential suppression of the num-
ber of photons above the pair creation threshold. On the other hand,
while Tγ,e f f is still low, the production of a prominent non-thermal
component leads to enhanced pair production in model g2e-2n5.
The pairs only appear in the vicinity of the transition layer, since
the pair production opacity contributed by the bulk Comptonized
photons peaks there.
It should be noted that the existence of pairs can change the
spatial width of the shock considerably once their density exceeds
the baryon density (n±/n & 1) and begins to govern the scattering
opacity inside the shock. For example, the physical length scale
per optical depth dz/dτ∗ at far upstream is longer than that of the
far down stream by roughly 3 orders of magnitude. Therefore, one
should bear in mind that, while the shock width in terms of dτ∗ is
similar among the models, it could largely differ when measured
in terms of the physical length scale dz, even when the same far
upstream density nu is invoked.
5.1.1 Emergence of a weak subshock
As mentioned earlier, emergence of a weak subshock seems nec-
essary in model g2e-2n5. Although its contribution to the overall
dissipation is quite small, its existence is required to achieve steady
flow solutions (see Section 4.2 for details). As described in Section
4.2, we treat the subshock as a discontinuity in the flow parameters
that satisfy the Rankin-Hugoniot condition for a plasma isolated
from the radiation. A notable feature of the subshock is a sharp
spike followed by a dip in the velocity and temperature profiles.
The drop in the velocity to a value smaller than the far downstream
velocity is an inevitable consequence of the plasma sound speed,
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cs ≈ [5Ppl/3ρpl]1/2, being small (cs/c ∼ 0.09 for kT ∼ 500 keV
and n±/n ∼ 10). The rise of the temperature just behind the sub-
shock, up to kTd,sub ∼ 500 keV, is caused by the self-generated
heat of the plasma within the subshock. Since the photons cannot
interact with particles over the plasma scale, the post shock tem-
perature is well above that obtained in Compton equilibrium. Con-
sequently, following shock heating, the pairs exposed to the intense
radiation field rapidly cool via Compton scattering until the temper-
ature reaches the equilibrium value (roughly equals to that ahead of
the subshock). As a result, a structure that resembles an isothermal
shock is formed (see a magnified view in Fig. 6). Within the cooling
layer (τ∗ . 0.001), the bulk plasma rapidly accelerates, predomi-
nantly by its pressure gradient force. Above the cooling layer, the
acceleration continues more gradually, mainly due to the radiation
force, up to the distance where it reaches the far downstream veloc-
ity (at τ∗ ∼ 0.6)
A crude evaluation of the thickness of the cooling layer,
dτ∗,cool , can be derived as follows: The number of scatterings per
unit time for a single electron/positron is given by ∼ nγcσT in
the comoving frame. Hence, given the energy loss per scatter-
ing, ∼ 4 < hν > kTd,sub/mec2, and the downstream thermal en-
ergy per electron/positron, 3kTd,sub , the cooling time is derived as
tcool ∼ 3/4(< hν > /mec2)−1(nγcσT )−1, where < hν > and kTd,sub
denote the average photon energy and the temperature at the imme-
diate downstream of the subshock. In terms of the effective tem-
perature, the average photon energy at the subshock can be ex-
pressed as < hν >∼ 3kTγ,e f f . While the photon number density is
approximately nγ ∼ n˜n over most of the RRMS layer, it is given by
nγ ∼ n˜nβu,sub/βd,sub at the immediate downstream of the subshock,
owing to the sudden compression of the plasma there, where βu,sub
(βd,sub) is the velocity at the immediate upstream (downstream) of
the subshock. Taking into account the above factors, the cooling
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Figure 6. Enlarged view of the 4-velocity and temperature profiles around
the weak subshock, for model g2e-2n5.
layer thickness can be expressed as
dτ∗,cool ∼ βd,subc(n + n±)σT tcool (33)
∼ 1.5 × 10−3
(
kTγ,e f f
2 keV
)−1 (
n˜
105
)−1 ( n+n±
n
10
)
×

βu,sub
βd,sub
8

(
βd,sub
0.03
)
.
Pair creation and annihilation were ignored in the above derivation,
as they are negligible over the cooling layer given its small thick-
ness relative to the entire RRMS transition layer (see bottom right
panel of Fig. 3).
We can confirm from Fig. 6 (as well as from Figs. 9, 14 and
17 for the other models with subshocks) that this rough estimation
is in agreement with our numerical results within a factor of a few.
Note that there are several factors that were ignored in our crude es-
timation of the cooling layer thickness, and which can lead to some
differences between the analytic and numerical results. For exam-
ple, we have neglected the effect of adiabatic cooling as well as
the effect of broad radiation spectrum. Moreover, in evaluating the
cooling rate, we have used an expression which is only valid in the
non-relativistic limit, kTu,sub, kTd.sub ≪ mec2, while the temperature
is typically mildly relativistic. In view of these simplifications, we
find the mild disagreement between the numerical result and the
analytic result derived above reasonable.
It is worth noting that, while this weak subshock strongly af-
fects the properties of the plasma in its vicinity, it has almost no
influence on the radiation. This is simply because the thermal en-
ergy generated by the subshock, 3(n+n±)kTd,sub , is negligible com-
pared with that contained in the radiation, 3nγkTγ,e f f . Therefore,
the weak subshock does not affect the overall energetics of the sys-
tem nor the radiation properties. This is also true for all the other
cases in which subshocks were found, and for which the photon-
to-baryon number ratio is sufficiently above the critical value n˜crt
given in Equation (16) (see Section 3.2).
While our numerical simulations predict their existence, we
could not identify the physical origin of the “weak” subshocks that
we found in the regime n˜ & ncrt (models g2e-2n5, g4e-2n5, g10e-
1n5 and g10e-2n5), unlike the case of a photon starved shock,
n˜ < ncrt (models g2e-1n3 and g2e-2n3), where formation of a
“strong” subshock is dictated by inefficient energy extraction thor-
ough Compton scattering, as will be discuss in greater detail in Sec-
tion 5.2 below. Though non trivial, this presumably indicates that
no steady, continuous flow solutions exist in a certain regime of the
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parameter space. As seen in Fig. 5, the flow velocity gradient tends
to steepen as the value of ξu∗ is reduced. Our result suggests that
there is a threshold value of ξu∗ below which the continuous steep-
ening of the velocity profile ultimately turns into a weak subshock
at the edge of the RRMS transition layer. It is worth mentioning
that Budnik et al. (2010) also found a weak subshock in their simu-
lations of photon starved RRMS (in which photon generation is in-
cluded). It should be stressed, however, that these weak subshocks
are merely small disturbances in the global shock structure, and
their physics is not important in evaluating the overall dynamics of
the bulk flow as well as the radiation properties.
5.2 Dependence on n˜
To explore the dependence of the shock properties on the photon-
to-baryon number ratio, we performed several calculations that in-
voke smaller values of n˜ (104 and 103) than that used in the fidu-
cial models, but the same values of γu and ξu∗. In the models with
n˜ = 104, three cases with different values of photon-to-baryon in-
ertia ratio (ξu∗ = 1, 0.1 and 0.01) are considered (g2e0n4, g2e-1n4
and g2e-2n4). Their overall structures and spectra are summarized
in Figs. 7 and 8. As seen, the general trends are quite similar to
those of the fiducial models; the decrease in ξu∗ results in a steep-
ening of their velocity gradient dγβ/dτ∗ and in the enhancement of
the non-thermal spectrum.
Apart from the similarities, there are also interesting differ-
ences from the fiducial models (n˜ = 105). For a fixed value of ξu∗,
lower n˜ results in a higher temperature (T ∝ n˜−1), since the same
amount of energy is shared by a smaller number of particles (pho-
tons, protons and pairs). Hence, the overall temperature and average
photon energy are roughly 10 times higher in these models. This
shifts the average mean free path of photons to larger values own-
ing to the increase in the population of photons that are scattered in
the Klein-Nishina regime. As a result, the deceleration lengths are
found to be longer than those in the corresponding fiducial models
(g2e0n5, g2e-1n5, g2e-2n5). The higher temperature and photon
energy are probably the reason for the absence of a weak subshock
in model g2e-2n4, in difference from model g2e-2n5 (that has the
same ξu∗ value). We speculate that the smoother velocity profile
in model g2e-2n4, that results from the larger penetration depth of
the photons, enables the existence of steady solutions with no sub-
shock. However, it is expected that a weak subshock will form also
in these models for sufficiently low values of ξu∗ (< 0.01).
The larger temperature or, equivalently, average photon en-
ergy, also leads to enhanced pair production rate. In particular,
while the pair content is negligible for ξu∗ = 1 and ξu∗ = 0.1 in
the fiducial models (g2e0n5 and g2e-1n5), the models with n˜ = 104
and the same ξu∗ values (g2e0n4 and g2e-1n4) give rise to a signif-
icant amount of pairs. Likewise, the pair density in model g2e-2n4
is higher by an order of magnitude than that in the fiducial model
g2e-2n5.
Comparing the structures, the profiles in model g2e0n4 are
similar to those in model g2e1n5, rather than in model g2e0n5 that
has the same ξu∗ value. Accordingly, as in model g2e1n5, the ra-
diation and pairs are well approximated to be in Wien equilibrium
at far upstream and downstream, while the in the transition layer
they depart from the equilibrium due to a slight deviation from the
Wien distribution. On the other hand, the shape of the spectrum in
models g2e-1n4 and g2e-2n4 is similar to that of the counterpart
fiducial models with same ξu∗ (g2e-1n5 and g2e-2n5), but its aver-
age energy is shifted toward higher energies, by a factor of ∼ 10,
while the cutoff energy remains unchanged ∼ γumec2 ∼ 1 MeV.
The higher photon energies in models g2e-1n4 and g2e-2n4 give
rise to a higher pair production rate than in the fiducial models.
Therefore, in all of these models, we find a non-negligible pair con-
tent.
The properties of the shocks drastically change in the mod-
els with n˜ = 103. In the present study, two cases with the values
ξu∗ = 0.1 and 0.01 are computed (g2e-1n3 and g2e-2n3). Their
overall structures and spectra are exhibited in Figs. 9 and 10, re-
spectively. The notable difference from the models with higher n˜ is
the formation of a “strong” subshock. Unlike the “weak” subshocks
found in some of the other models (see Section 5.1.1 for details),
the physical origin of the strong subshocks is understood, and will
be described in detail in Section 5.2.1.
As Equation (15) predicts, the temperature downstream of the
subshock in the models with n˜ = 103 approaches the pair equi-
librium value, kT ∼ 200 keV, as seen in Fig. 9. The pair density
increases rapidly inside the shock and approaches the Wien equi-
librium value, n± ≈ nγK2(Θ−1)/Θ2, just downstream of the sub-
shock. At this temperature the pair density becomes comparable
to the photon density, n± ∼ nγ. Since in the absence of an in-
ternal photon source the number of quanta is conserved, we have
n˜ = (nγ+n±)/n in the downstream region, which effectively reduces
the number of photons that can extract energy, and strengthens the
subshock further. One should keep in mind that while the subshock
is relatively strong, it dissipates only about 30% of the entire shock
energy (in model g2e-2n3). Thus, a moderate increment in the pho-
ton density downstream (by no more than a factor of a few) will
considerably weaken, or completely eliminate, the subshock. We
anticipate this to happen once internal photon sources (in particular
free-free emission by the hot pairs) are included.
Shock solutions that correspond to the fiducial models with
fixed ξu∗ = 0.1 are compared, for clarity, in Fig. 11. The distinct
properties of the marginally starved shock (g2e-1n3) stand out. The
discontinuity in the profiles of the moments I
′
1
/I
′
0
and I
′
2
/I
′
0
in the
marginally starved shock arises from the sudden change in the ve-
locity of fluid elements (and, hence, in the frame in which these
moments are computed) across the subshock.
5.2.1 Transition to the photon starved regime
Next, let us examine the transition from the photon rich to the pho-
ton starved regime in some greater detail. In section 3.2 it has been
argued that once the photon-to-baryon number ratio far upstream
becomes smaller than the critical value n˜crt , the advected photons
cannot support the shock anymore, and the shock becomes photon
starved. In the absence of photon production processes one expects
that the strength of the subshock will dramatically increase as n˜
approaches n˜crt ≃ 103. This is the situation in models g2e-1n3 and
g2e-2n3. Fig. 9 exhibits results obtained for these models, verifying
that the subshock is indeed substantially stronger than in the runs
with n˜ > n˜crt . As also seen, the downstream temperature reaches
200 keV (except for the spike produced by the subshock), in ac-
cord with Equation (15), leading to a vigorous pair creation in the
shock transition layer. The pair-photon plasma downstream quickly
reaches equilibrium, with roughly equal densities, n±/nγ ≃ 1.
From Equation (12) it is anticipated that under these condi-
tions photon generation (not included in our simulations) will start
dominating over photon advection, so that in reality the shock will
be supported by photons produced inside and just behind the shock,
and the subshock will disappear or remain insignificant. For higher
upstream Lorentz factors, γu ≫ 1, we expect that photon gener-
ation will dominate at somewhat higher n˜ values, roughly by a
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Figure 7. Same as Fig. 3, but for g2e0n4 (top left), g2e-1n4 (top right) and g2e-2n4 (bottom).
factor of γu/2, since even though the shock can be supported by
the advected photons the temperature downstream exceeds the pair
production threshold, at which e± pair equilibrium is established.
The results of Budnik et al. (2010) confirm this. We are currently
in the process of modifying the code to include free-free and dou-
ble Compton emissions. Results of simulations of photon starved
shocks will be presented in a future publication.
5.3 Dependence on γu
To investigate the dependence of the shock properties on the
Lorentz factor, we have calculated two sets of models with higher
γu (4 and 10), but with the values of n˜ and ξu∗ being identical to
those in the fiducial models. In both cases, three calculations that
invoke different ξu∗ values (1, 0.1 and 0.01) were performed, and
are described next.
The structures and spectra obtained in the models with γu = 4
and γu = 10 are displayed in Figs. 12 - 17. Like in the fiducial
models, also here the velocity profile steepens as ξu∗ is reduced.
The trends of the temperature profile are also similar to those in the
fiducial models, albeit with a higher downstream temperature, since
it is roughly proportional to the 4-velocity far upstream when ξu∗ .
1 (see Equation (15)). At low values of ξu∗ a weak subshock appears
(see Figs. 14 and 17 for a magnified view), as in the fiducial models.
The larger γu the larger the value of ξu∗ at which the subshock forms
(ξu∗ 6 0.01 for γu = 4 and ξu∗ 6 0.1 for γu = 10). The reason for
this is unclear at present. It might be related to the fact that the
condition for starvation is proportional to γu (see Equation (26) ).
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The main effects caused by increasing the shock Lorentz fac-
tor can be observed in the resulting spectra and pair populations,
and can be summarized as follows: (i) The heating precursor broad-
ens and the peak temperature increases as γu increases, and likewise
the width of the shock transition layer. (ii) The pair content rises
sharply as γu increases, as is evident from a comparison of Figs.
12 and 15. This is a direct consequence of the fact that the num-
ber of bulk Comptonized photons that surpass the pair production
threshold and, hence, the pair production rate, are sensitive func-
tions of γu. The large pair enrichment gives rise to a pronounced
signature of the 511 keV pair annihilation line in the spectrum (the
small spectral bumps seen in Figs. 13 and 16). (iii) For fixed val-
ues of n˜ and ξu∗ the high energy cutoff of the spectrum is roughly
proportional to γu, as naively expected.
To summarize the dependence of the shock structure on the
bulk Lorentz factor, we compare, in Fig. 18, the profiles of γβ,
I
′
1
/I
′
0
and I
′
2
/I
′
0
in the three models (g2e-1n5, g24-1n5 and g10e-
1n5) that have different values for γu but same values of ξu∗ (= 0.1)
and n˜ (= 105). As seen, the shock width slowly increases with in-
creasing γu, in rough agreement with the analytic solution derived
in Section 3.2.1. The level of anisotropy of the photon distribution
and its extent also become larger as γu is increased. In the highest
Lorentz factor case, the radiation intensity achieves nearly com-
plete beaming (I
′
2
/I
′
0
= 1, I
′
1
/I
′
0
= −1). This reflects the rise in the
population of high energy photons that penetrate against the flow
to larger distances upstream.
6 APPLICATIONS
So far, we have focused on the fundamental properties of RRMSs.
Here let us consider the applications to GRBs.
Since RRMSs are expected to form in sub-photospheric re-
gions, they should have substantial imprints on the resulting emis-
sions (Bromberg et al. 2011; Levinson 2012; Keren & Levinson
2014). As shown in the previous section, when the energy den-
sity of the radiation at far upstream is much larger than that of
the rest mass energy of the plasma, viz., ξu∗ ≫ 1, thermal spec-
tra with roughly the same peak energy and flux are found at any
location in the shock (see top left panel of Fig. 4). This implies
that observed spectra produced by a sub-photospheric shock (even
if strong) should be nearly thermal when the photosphere is located
far below the saturation radius.
On the other hand, significant broadening is expected when the
rest mass energy is comparable or larger than that of the radiation at
far upstream (ξu∗ . 1). This corresponds to shocks that form around
or above the saturation radius. To gain some insight into how the ra-
diation will be seen by an observer during the breakout of a RRMS
under such conditions, we plot, in Fig. 19, spectra that were aver-
aged over a certain physical interval ∆z, for models g2e-1n5 and
g2e-2n5. In addition to the angle integrated spectra that are com-
puted by summing up the contribution of photons in all directions
(4π steradians), we also display cases where only the photons in a
half hemisphere (2π steradians) propagating along (θ < π/2) and
against (θ > π/2) the flow are summed up. The former (latter) rep-
resents the spectra emitted during the breakout of the reverse (for-
ward) shock that is advancing relativistically in the central engine
frame. Hereafter we (loosely) refer to the cases that correspond to
photons propagating along and against the flow as reverse and for-
ward shock, respectively. We emphasize that oblique shocks, that
are likely to form near the photosphere, are also referred to here
as reverse shocks, as their radiation escapes to infinity along the
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Figure 12. Same as Fig. 3, but for g4e0n5 (top left), g4e-1n5 (top right) and g4e-2n5 (bottom).
flow2. We further point out that the spectra exhibited in Fig. 19 are
computed in the rest frame of the shock. In GRBs this frame moves
at a high Lorentz factor with respect the observer, and so the ob-
served emission is strongly beamed. Thus, photons moving along
the flow may significantly contribute to the observed spectrum also
in forward shocks, depending on viewing angle. Our definition of
”forward” and ”reverse” in regards to the integrated spectrum is
merely for explication.
As expected, there is a prominent hard component extending
above the peak in the case of emission from a reverse shock. It
is produced by bulk Comptonization around the RRMS transition
2 Note that upon appropriate Lorentz transformation oblique shocks can be
transformed into perpendicular shocks.
layer. The spectrum emitted by a forward shock, on the other hand,
lacks such a component (although it is broader than an exponential
cutoff), since the high energy photons produced by bulk Comp-
tonization move preferentially along the bulk flow. In both cases,
the portion of the spectrum below the peak is softer (broader) than a
thermal spectrum. This is due to the moderately bulk Comptonized
component in which energy gain by scattering is not so significant,
as well as due to the superposition of thermal-like spectra emitted
from the upstream and downstream regions. A substantial harden-
ing is also seen at the lowest energies (below the thermal peak of
the radiation upstream), since none of the above mentioned broad-
ening effects can play a role.
In comparison with observations, the spectral slopes below
and above the peak energy in reverse shocks fall well within
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Figure 14. Enlarged view of the 4-velocity and temperature profiles around
the weak subshock region for model g4e-2n5.
the range of detected values. For example, the reverse shock in
model g2e-2n5 has low energy and high energy photon indices
(dlogIν/dlogν − 1) in the range −1.5 . α . −1 and −3 . β . −2.5
for the cases shown in Fig. 19 (middle right panel), which are in-
deed in good agreement with the observations (e.g., Yu et al. 2016).
Similar values are found also for the low energy spectral index α
in forward shocks. On the other hand, unlike in reverse shocks, in
forward shocks the spectrum above the peak shows a sudden drop
off, and is incompatible with a power-law fit. While this is in con-
flict with Band-like spectra, it is consistent with models that prefer
an exponential-cutoff to fit observations, although it could be that
those models are misled by an artifact of poor photon statistics at
high energies (e.g., Kaneko et al. 2006; Goldstein et al. 2012).
It should be noted, however, that in general the shape of the
spectra emitted from a certain fluid shell vary with the width of the
shell, or in other words, with spatial interval ∆z over which they are
averaged. As we extend the length of this interval, the contribution
from the far downstream and/or upstream regions increases and,
therefore, the average spectrum asymptotes to a thermal spectrum.3
The reason is that the bulk Comptonized component is confined
to the vicinity of the shock transition layer by virtue of efficient
downscattering of high energy photons by the downstream plasma.
This means that in case of a single shock that formed at a distance
below the photosphere which is much larger than the width of the
shock transition layer, while the signal around the time when the
shock reaches photosphere can be highly non-thermal, the time in-
tegrated spectrum, that is, the spectrum integrated over the entire
duration of burst, would appear quasi-thermal. The broadening at
sufficiently low energies might still prevail even then, since its en-
ergy exchange rate with electrons is slower than that of the high en-
ergy photons. Hence, the low energy broadening has a larger chance
to be observed in the overall spectrum.
A more detailed analysis of the properties of photospheric
GRB emission requires some knowledge about how shocks are dis-
tributed within the outflow, which in turn determines the relative
3 More accurately, it asymptotes to the superposition of two thermal com-
ponents that have far upstream and downstream temperatures. The relative
strength is determined by the ratio of spatially integrated intensity in each
region.
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Figure 15. Same as Fig. 3, but for g10e0n5 (top left), g10e-1n5 (top right) and g10e-2n5 (bottom).
importance of each emission region. This is set by the nature of the
central engine as well as by the environment into which the outflow
is propagating. Moreover, our calculations are restricted to infinite,
steady shocks in planar geometry. While our analysis can describe
the shocks at regions well beneath the photosphere, it cannot ade-
quately address the breakout phase during which the photons dif-
fuse out from the system. One must take into account the drastic
change in the shock structure during breakout (Beloborodov 2017;
Granot, Nakar, & Levinson 2017) for a more accurate analysis of
the released emission. To that end, dynamical calculations must be
performed which is beyond the scope of the present study. Nev-
ertheless, we emphasize that our steady-state simulations confirm
that a broad, non-thermal spectrum is an inherent feature of RRMSs
which should also be present at the breakout phase. Although more
sophisticated computations are necessary for a firm conclusion, we
suggest that sub-photospheric shocks may provide a possible expla-
nation for the non-thermal shape in the observed prompt emission
spectra of GRBs.
7 SUMMARY AND CONCLUSIONS
We performed Monte-Carlo simulations of relativistic radiation
mediated shocks for a broad range of upstream conditions. Since
photon generation is not included in the current version of the code
our results are applicable only to photon-rich shocks, for which the
shock is supported by scattering of back streaming photons that
were advected by the upstream flow. To gain insight into the phys-
ical processes that shape the structure and spectrum of the shock,
the results of the simulations are compared with analytic results
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Monte-Carlo simulations of RRMSs 19
109
1010
1011
1012
1013
1014
1015
103 104 105 106 107
∫ νI
ν
 d
Ω
  
(a
.u
.)
h ν(eV)
τ*=-25
τ*=-2
τ*=-1
τ*=0
τ*=1.5
τ*=2.5
τ*=13
106
107
108
109
1010
1011
1012
103 104 105 106 107
∫ νI
ν
 d
Ω
  
(a
.u
.)
h ν(eV)
τ*=-32
τ*=-2
τ*=-1
τ*=0
τ*=1.5
τ*=2.5
τ*=14
104
105
106
107
108
109
102 103 104 105 106 107
∫ νI
ν
 d
Ω
  
(a
.u
.)
h ν(eV)
τ*=-40
τ*=-2
τ*=-1
τ*=0
τ*=1.5
τ*=2.5
τ*=21
γ   u   = 10 n  = 10
5~
ξu* = 1 ξu* = 10
-1
ξu* = 10
-2
Figure 16. Same as Fig. 4, but for g10e0n5 (top left), g10e-1n5 (top right) and g10e-2n5 (bottom).
-0.1  0  0.1  0.2  0.3  0.4  0.5  0.6
 0.1
-0.2  0  0.2  0.4  0.6  0.8
 0.1
 1
    102
    102
ξu*=10
-1γ   u   = 10 n = 10
5~ ξu*=10-2γ   u   = 10 n = 105~ 0.5
    30
    40
T
 (
k
e
V
 )
γβ
τ * = ∫   γ (n+n± ) σ  d z
T
 (
k
e
V
 )
γβ
τ * = ∫   γ (n+n± ) σ  d z
Figure 17. Enlarged view of 4-velocity and temperature profile around the weak subshock region for model g10e-1n5 and g10e-2n5.
whenever possible. Our simulations confirm that the transition from
photon rich to photon starved regime occurs when the photon-to-
baryon number ratio far upstream satisfies n˜ ≃ (mp/me)γu, as ex-
pected from an analytic comparison of the advection rate and the
photon generation rate by the downstream plasma. At this critical
value the downstream temperature approaches the saturation value,
roughly 200 keV, at which it is regulated by vigorous pair creation
(Budnik et al. 2010). At sufficiently higher values of n˜ the down-
stream temperature is much lower, pair loading is significantly re-
duced, and the shock is supported by the advected photons.
We find that the deceleration of the bulk plasma occurs over
a scale of a few pair loaded Thomson depths, with only a weak
dependence on upstream conditions; the actual physical scale may
be much smaller in cases where vigorous pair production ensues.
The shock width increases, but only slightly, when the relative
contribution of high energy photons, that are scattered in the KN
regime, becomes larger. This is in difference to photon starved
shocks in which the shock width is essentially governed by KN
effects (Budnik et al. 2010; Granot, Nakar, & Levinson 2017). We
also find that in the photon rich shocks we studied, the temperature
of the plasma is determined almost solely by the Compton equi-
librium throughout the shock, owing to the high photon-to-baryon
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number ratio (n˜ ≫ 1), with the exception of the immediate down-
stream temperature of the subshock whenever it is present. Apart
from these common features, our simulations indicate that the prop-
erties of the shock and its emission has a notable dependence on the
upstream parameters, ξu∗, n˜, and γu. Below we summarize our main
findings:
• When the energy density of the radiation far upstream largely
exceeds the rest mass energy density (ξu∗ ≫ 1), the net increase in
the radiation energy across the shock is small. The dominance of
the radiation renders the Lorentz factor profile smooth and broad;
any attempt of steepening is readily smeared out by the large radi-
ation drag acting upon the plasma. Since the plasma cannot affect
much the radiation, the photon distribution is well described by a
Wien distribution with a temperature that is equal to that of the lo-
cal plasma temperature throughout the shock. In our fiducial model
with n˜ = 105 the large value of ξu∗ renders the temperature high
enough to induce significant pair production. The resulting popu-
lation of pairs in this case can be well approximated by the Wien
equilibrium.
• The situation changes drastically when ξu∗ . 1. In this regime
the radiation inside the shock becomes highly anisotropic, and
a significant fraction of the upstream bulk energy is converted,
via bulk Comptonization of counter streaming photons, to high-
energy photons. The consequent photon spectra exhibit a broad,
non-thermal component that extends up to an energy of ∼ γumec2.
The spectrum inside the shock becomes harder for lower values of
ξu∗, leading to enhanced pair creation by virtue of the increased
number of photons with energies in excess of the pair production
threshold. The large pair enrichment in models with high γu and
low ξu∗ gives rise to a signature of the 511 keV annihilation line in
the spectrum.
• It is also found that for sufficiently low values of ξu∗ a weak
subshock appears, although wewere not able to identify its physical
origin. Its effect on the overall structure and emission of the shock
is negligible, since it only dissipates a small amount of the total
bulk kinetic energy. Thus, in practice the presence of the subshock
is unimportant for the overall analysis of RRMS, and it is merely
of academic interest. The above discussion excludes the cases with
n˜ ≃ mp/me (models g2e-1n3 and g2e-2n3), that delineate a transi-
tion between photon rich and photon starved RRMS, and for which
a strong subshock was found. As explained above, the presence of
a strong subshock in those models is an artifact that stems from the
omission of photon production process in our code. Once included,
this subshock should become weak (Budnik et al. 2010).
• In order that advected photons will be able to extract the entire
upstream bulk energy, the number of advected photons per baryon
should exceed mp/me (i.e., n˜ > mp/me). As stated above, this
value marks the transition between photon rich and photon starved
shocks. In the photon rich regime the value of n˜ merely determines
the downstream temperature, that scales as T ∝ n˜−1. As a conse-
quence, the pair production rate depends sensitively on the value of
n˜.
• The dependence on the bulk Lorentz factor γu is relatively
monotonic compared to the other two parameters. As the Lorentz
factor increases, the maximum photon energy attainable through
bulk Comptonization increases as ∼ γumec2. Thus, the resulting
photon spectra extends to higher energies. The emergence of high
energy photons that can diffuse back to larger distances in the up-
stream region also leads to an increase in the shock width, in the
peak temperature in the heating precursor, and in the density of
pairs inside the shock.
We also considered the application to GRBs, and have shown
that spectra compatible with the observations can be produced
within RRMSs. In particular, we demonstrate that the significant
spectral broadening occurring in RRMS with ξu∗ < 1 can reproduce
the typical Band-like spectrum. This result suggests that RRMS
may be responsible, at least in part, for the non-thermal features
found in the prompt emission spectra. However, our analysis is lim-
ited to infinite, planar shocks, and cannot account for the change in
shock structure and emission caused by photon escape during the
breakout phase, that may alter the observed spectrum. We intend to
carry out detailed analysis of breakout emission in a future work.
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APPENDIX A: MONTE-CARLO RADIATION TRANSFER
CALCULATION
The Monte-Carlo code used in this study handles transfer of pho-
tons in a medium at which Compton scattering, pair production,
and pair annihilation takes place. We iteratively perform many cal-
culation runs, in order to find the steady-state shock profile. In
each iterative step, the photon transfer is solved under a given
profile of number density, n and n±, temperature, T , and velocity,
β of the plasma as follows: We track the propagation of packets
which are ensemble of photons that have identical 4-momentum,
P
µ
γ = (hν/c, (hν/c)n), where n denotes the unit 3-vector along the
propagation direction. The photon packets are injected at the in-
ner and outer boundaries which are located at the far upstream
and downstream regions, respectively. In addition, pair annihilation
processes adds photons into the calculation domain. After the injec-
tion, the evolution of the injected packets are computed until they
reach the boundaries of the calculation domain or become absorbed
via pair production process. During the propagation, they are sub-
ject to multiple scatterings by the pair plasma. Between each scat-
tering event, the packet travels in the direction along the 3-vector
n. After the scatterings, their 4-momenta are updated based on the
differential cross section of Compton scatterings, and the propaga-
tion direction is changed to newly determined n. Once we finish
the calculation, quantities such as total energy-momentum flux and
distribution function of photons are evaluated by sampling all of
the simulated packets at each grid point,
For each photon packet, distances prior to the scattering and
absorption events are determined by drawing the corresponding op-
tical depths, δτsc and δτ±. The probability for the selected optical
depth to be in the range of [δτ, δτ + dτ] is given by exp(−δτ)dτ.
From the given optical depths, path lengths to the scattering or ab-
sorption events in the laboratory frame (shock rest frame) are de-
termined from the integration of opacity along the ray of photons,
which can be expressed as
δτ =
∫ l
0
D−1α′dl, (A1)
whereD = [γ(1−βcosθ)] is the Doppler factor. Here α′ denotes the
opacity for the corresponding process in the comoving frame of the
plasma which can be evaluated from the local physical conditions
(see below for detail).
Below, we summarize how the injection of photon packets as
well as scattering and absorption processes are treated in our code.
Hereafter, we label quantities that are measured in the comoving
frame of the bulk plasma with the superscript prime symbol.
A1 Boundary Conditions
At the boundaries located far upstream and downstream, we as-
sume the photons are isotropic in the comoving frame and have
a Wien distribution characterized by the local plasma temperature.
Therefore, the photon flux density at the boundary in the laboratory
frame is a function of the photon number density and temperature,
and can be written as
dNγ
dtdνdΩdS
= D2 dNγ
dt
′
dν
′
dΩ
′
dS
′ , (A2)
where
dNγ
dt
′
dν
′
dΩ
′
dS
′ =
nγ
8π
(
h
kT
)3
ν
′2exp
(
−hν
′
kT
)
. (A3)
Thus, for a given range of solid angles dΩ and frequencies dν,
dNγ
dtdνdΩdS
(nγ,pack)
−1cosθdΩdν gives the injection rate of the packet
number per unit area of the boundary surface, where nγ,pack is the
number of photons contained in a single packet.
A2 Pair annihilation
The pair annihilation rate per unit volume is evaluated as a function
of the pair number density and temperature:(
dN±
dtdV
)
ann
= −(n + n±/2)(n±/2)cσT r±(Θ), (A4)
where σT is the Thomson cross section. Here r± is an analytical
function introduced by Budnik et al. (2010) based on the formula
shown in Svensson (1982), which is given by
r± =
3
4
[
1 +
2Θ2
ln(2ηEΘ + 1.3)
]−1
, (A5)
where ηE = e
−γE ≈ 0.56146 and γE ≈ 0.5772 is the Euler’s con-
stant. It is noted that the above quantity is Lorentz invariant (i.e.,
dN
dtdV
= dN
dt
′
dV
′ ).
As for the energy spectrum of the photons produced via pair
annihilation, we use an fitting formula given in Svensson et al.
(1996), which approximates the exact emissivity in a wide range
of temperatures. By normalizing the given function to be consis-
tent with the Equation (A4), it can be written as(
dNγ
dtdνdΩdV
)
ann
= D
(
dNγ
dt
′
dν
′
dΩ
′
dV
′
)
ann
(A6)
where(
dNγ
dt
′
dν
′
dΩ
′
dV
′
)
ann
= (A7)

Q1Θ
0.5x
′3/2
ν exp
(
− x
′
ν+x
′−1
ν
Θ
)
C(x
′
νΘ)
K2 (1/Θ)
2 for x
′
νΘ 6 20,
Q2x
′
ν(ln4ηE x
′
νΘ − 1)exp
(
− x
′
ν
Θ
)
C(x
′
νΘ)
K2(1/Θ)
2 for x
′
νΘ > 20.
Here x
′
ν = hν
′
/(mec
2), and K2 denote the 2nd order modified Bessel
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function of the second kind. In evaluating the Bessel function, we
used the approximate formula
K2(1/Θ)
2 = 4Θ4exp
(
− 2
Θ
)
(A8)
× [1 + 2.0049Θ−1 + 1.4774Θ−2 + π(2Θ)−3],
which is also given in Svensson et al. (1996). The function C is an
analytical function given by
C(y) = (A9)
1+6.8515487y+1.4351694y2+0.001779014y3
1+4.63115589y+1.5253007y2+0.04522338y3
for y 6 20,
1 + 2.712y−1 − 55.6y−2 + 1039.8y−3 − 7800y−4 for y > 20.
The normalization factors Q1 and Q2 are determined from
the condition
∫ ∫
dnγ
dtdνdΩdV
dνdΩ = −
(
N±
dtdV
)
ann
. In our code,
for a given range of solid angles dΩ and frequencies dν,∫ ∫ (
dNγ
dtdνdΩdV
)
ann
(nγ,pack)
−1dΩdν gives the injection rate of the
packet number per unit volume in the calculation domain.
A3 Compton scatterings
In evaluating the opacity of photons to Compton scattering, we
fully take into account the thermal motion of the plasma and Klein-
Nishina effects. As a function of the photon frequency, local density
of pairs and temperature, it is calculated as
α
′
sc(ν
′
) =
∫ ∫ ∫
Fsc(Pe,T, ν
′
)dPe
3, (A10)
where
Fsc(Pe, T, ν
′
) = (1 − βecosθeγ)(n + n±) fB(Pe,T )σsc(ν′′ ), (A11)
and
fB(Pe,T ) =
1
4π(mec)3ΘK2(1/Θ)
exp
(
− Ee
kT
)
, (A12)
is the Maxwell-Ju¨ttner distribution function and
σsc(ν) =
3
4
σT
1 + xν
x3ν
{
2xν(1 + xν)
1 + 2xν
− ln(1 + 2xν)
}
(A13)
+
1
2xν
ln(1 + 2xν) − 1 + 3xν
(1 + 2xν)2
,
is the total cross section for Compton scattering. Here ν
′′
denotes
the frequency in the rest frame of pairs. The quantities Pe, β and
θeγ are, respectively, the spatial components of the 4-momentum,
the 3-velocity measured in units of the light speed, and the angle
between the photon and pair directions measured in the comoving
frame, and Pe = |Pe| and Ee = ((mec2)2 + (Pec)2)0.5.
By plugging in the evaluated opacity in Equation (A1), we de-
termine the distance for the photon to propagate before scattering.
Once the position of the scattering event is determined, we choose
the 4-momentum of a thermal pair that will interact with the pho-
ton. The probability for the pair within a range dPe
3 to be drawn is
given by FscdPe
3/αsc. Then we transform the 4-momentum of pho-
tons to the rest frame of the chosen electron/positron and determine
the 4-momentum after the scattering based on the probability given
by the differential cross section of Compton scattering:
dσsc
dΩ
=
3
16π
ν2
1
ν2
(
ν
ν1
+
ν1
ν
− sin2θsc
)
, (A14)
where ν1 = ν[1 + xν(1 − cosθsc)]−1 is the frequency after the scat-
tering and θsc is the angle between the propagation directions of
the incident and scattered photon. Finally we transform back the
4-momentum of the scattered photon to the laboratory frame and
repeat the above cycle until the packet is either absorbed or reaches
the surface of the computation boundaries.
A4 Pair production
For a given 4-momentum of incident photon in the comoving
frame, P
′µ
γ = (hν
′
/c, hν
′
/cn
′
), the opacity for the pair production
is calculated as
α
′
γγ(ν
′
,n
′
) =
∫ ∫ ∫
(1 − cosθγγ) f ′γ (P˜
′
γ)σγγ(ν
′
, ν˜
′
, θγγ)d˜P
3
γ, (A15)
where P˜γ = hν˜/cn˜ and θγγ denote the spacial component of the
target photon 4-momentum and the angle between the propaga-
tion directions of the incident and target photons, respectively.
Here f
′
γ(P˜
′
γ) is the distribution function of photons in the co-
moving frame. The cross section for the interaction, taken from
Gould & Schre´der (1967), is given by
σγγ(ν, ν˜, θγγ) =
3
16
σT (1 − β2cm) (A16)
×
(3 − β4cm)ln
(
1 + βcm
1 − βcm
)
− 2βcm(2 − β2cm)
 for ν > νthr,
and σγγ = 0 for ν < νthr, where hνthr = 2mec
2[hν(1 −
cosθγγ)]
−1 is the threshold energy for pair production and βcm =√
1 − 2m2ec4/[(1 − cosθγγ)h2νν˜] is the velocity of the pairs in the
center of momentum frame. As in the case of Compton scattering,
the distance for the photon to propagate before being absorbed via
the pair production process is computed by substituting the above
opacity in Equation (A1).
In our code, the local photon distribution function fγ is deter-
mined by recording photon packet in each grid point during a single
run of the simulation. Since we cannot a-priori know the distribu-
tion of the current run before calculation, in each run, we use the
photon distribution obtained in the previous step in evaluating the
opacity. To ensure the self-consistently of our calculation, we con-
tinue the iteration until the difference between the photon distribu-
tion evaluated in the current and previous run becomes sufficiently
small.
APPENDIX B: CALCULATION OF THE PAIR DENSITY
PROFILE
In our code, independent from the energy-momentum conservation,
we must determine the pair density profile which satisfy the steady
state condition:
γβc
d(γn±β)
dz
=
(
dN±
dtdV
)
ann
+
(
dN±
dtdV
)
pr
, (B1)
where dz denotes the distance element and ( dN±
dtdV
)pr is the pair pro-
duction rate. While the annihilation rate is calculated based on the
local quantities as shown in Equation (A4), the production rate is
evaluated by summing up the number of packets that are absorbed
during the propagation in each grid points. During the iteration, pair
density profile is modified from the previous iteration step in order
to minimize the deviation from the above condition. We continue
the iteration until the error becomes sufficiently small.
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B1 Wien equilibrium
When the thermal temperature exceeds kT ∼ 30 KeV, copious
pairs are produced and can reach the equilibrium state where pair
production and annihilation is balanced (Wien equilibrium). In this
case, the number density of pairs can be derived as
n± = n

√
1 +
(nγ
n
)2 (K2(Θ−1)
Θ2
)2
− 1
 . (B2)
In the limit of nγ ≫ n, it asymptotes to
n± ≈ nγ K2(Θ
−1)
Θ2
. (B3)
If the temperature is non-relativistic, Θ ≪ 1, the above equation
can be further approximated as
n± ≈
√
π/2 Θ−3/2exp(−Θ−1). (B4)
APPENDIX C: CALCULATION OF THE TEMPERATURE
PROFILE
In principle, the plasma temperature profile can be self-consistently
obtained by determining the plasma profile for which energy-
momentum conservations is satisfied. It is, however, numerically
difficult to constrain the temperature profile accurately from the
condition Fm = const, Fe = const using our iterative method.
This stems from the fact that since the contribution of the ther-
mal energy is always much smaller than that of the rest mass en-
ergy (ρpl ≫ epl), small numerical errors can lead to large errors
in the temperature. On the other hand, the radiation field responds
non-linearly to changes in temperature, thereby rendering the cal-
culations unstable and preventing convergence to the steady state
solution.
In order to overcome this numerical difficulty, we impose
an additional constraint that can be derived from the energy-
momentum conservation equations. The equation solves the evo-
lution of internal energy density in comoving frame which is given
by
γβc
depl
dz
=
(
dE
′
dt
′
dV
′
)
sc
+
(
dE
′
dt
′
dV
′
)
ann
+
(
dE
′
dt
′
dV
′
)
pr
(C1)
+ (epl + Ppl)γβc
dn
dz
,
where ( dE
′
dt
′
dV
′ )sc, (
dE
′
dt
′
dV
′ )ann, and (
dE
′
dt
′
dV
′ )pr denote the net heat-
ing/cooling rate of the plasma by Compton scattering, pair anni-
hilation, and production, respectively. The last term corresponds to
the contribution of adiabatic heating (cooling) due to compression
(expansion). While the adiabatic cooling term is evaluated from the
local density gradient, ( dE
′
dt
′
dV
′ )sc, (
dE
′
dt
′
dV
′ )ann, and (
dE
′
dt
′
dV
′ )pr, are eval-
uated by summing up the contributions of scattering, annihilation
and production of photon packets in each grid point. By using the
above equation, we could successfully obtain an accurate tempera-
ture profile.
In our calculations, the temperature is almost solely deter-
mined by the condition of Compton equilibrium (net heating and
cooling by Compton scattering is balanced, that is.,
(
dE
′
dt
′
dV
′
)
sc
∼ 0.
This is owning to the fact that the heat capacity of the plasma is
extremely small compared to that of the radiation field, since the
photon-to-lepton density ratio is large nγ/(n+ n±) ≫ 1. As a result,
any small deviation from the equilibrium will inevitably washed
out by the numerous photons within a length scale much smaller
than the Thomson mean free path τ ≪ 1. Notable deviation from
the Compton equilibrium temperature is only seen at the immediate
downstream region of subshock where instantaneous viscous heat-
ing occurs. Note that the downstream of the subshocks in models
g2e-1n3 and g2e-2n3 has a large extent (τ∗ & 1) where equilib-
rium is not established, owing to the vigorous pair enrichment that
renders the heat capacity of the plasma comparable to that of the
radiation (nγ ∼ n±).
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